Abstract-There are many attempts to generalize the reciprocity theorem for bianisotropic media. With formal introduction of notion of reaction for bianisotropic media, we can formulate reciprocity conditions for medium parameters. We can also extend the procedure used for a gyrotropic medium and consider the complementary, or the Lorentz-adjoint, bianisotropic medium, which satisfies the reciprocity theorem. Definition of the notion of reaction in bianisotropic media is, however, not so trivial. In this paper, we consider some important aspects of the physical admissibility to use the notion of the reaction as a "physical observable" in bianisotropic media. The questions also arise: for what kinds of the known bianisotropic media is the reciprocity theorem physically applicable? Based on what kind of bianisotropic media, can nonreciprocal microwave devices be realized? In this paper, we show that a novel class of microwave bianisotropic materials-magnetostatically controlled bianisotropic materials (the MCBMs)-are "physically justified" materials. The Onsager-Casimir principle and the notion of reciprocity are applicable in this case. New nonreciprocal microwave devices based on the MCBMs can be realized.
I. INTRODUCTION

E
LECTRODYNAMICS of bianisotropic media (and chiral media, as a particular case) is developing very extensively. Because of constitutive relations in a medium, we have an additional (with respect to macroscopic Maxwell's equations) coupling between the electric and magnetic fields, which promises, it seems, to give very attractive new fundamental problems and applications [1] , [2] . In the microwave region, chiral and bianisotropic materials are particulate composites. Artificial chiral media (based on a composition of small helices in the isotropic host material) were developed to demonstrate the phenomenon of the electromagnetic activity at microwave frequencies, analogous to the optical activity [2] . As further generalization of such media, artificial bianisotropic materials based on a composition of helices [3] and -particles [4] were introduced as well.
There are many attempts to generalize the reciprocity theorem for bianisotropic media. Gyrotropic (gyromagnetic or gyroelectric) media with nonsymmetrical constitutive tensors caused by an applied dc magnetic field have been called "nonreciprocal" media because the usual reciprocity theorem [5] does not apply to them. Rumsey has introduced a quantity called the "reaction" and interpreted it as a "physical observable" [6] .
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This made it possible to obtain a modified reciprocity theorem based on the property of gyrotropic media that nonsymmetrical constitutive tensors of permittivity or permeability are transposed by reversing the dc magnetic field [7] . Physically, the applicability of the reciprocity theorem for gyrotropic media is based on the time-reversal invariance, which is described by the Onsager principle [8] , [9] . With formal introduction of the notion of reaction for bianisotropic media, we can formulate reciprocity conditions for medium parameters [10] . We can also extend the procedure used for a gyrotropic medium and consider the complementary [11] , or the Lorentz-adjoint [12] , bianisotropic, medium which satisfies the reciprocity theorem. It was shown [12] that for the monochromatic electromagnetic field in the lossless bianisotropic medium, the time-reversed constitutive matrix may correspond to the Lorentz-adjoint constitutive matrix. The questions, however, arise: are the time-reversal operations used for bianisotropic media physically admissible? For what kinds of the known bianisotropic media is the reciprocity theorem physically applicable? Some authors are prone to characterize the so-called Tellegen medium [2] and natural magnetoelectric crystals [8] as the nonreciprocal bianisotropic (biisotropic) media [2] , [13] . At the same time, strong discussions about "physicality" of such media take place [12] , [14] - [16] . In particular, it has been shown in [12] that for natural magnetoelectric crystals, the Lorentz-adjoint constitutive matrix is not "physical." In a case of chiroferrite and chiroplasma media, the nonreciprocal host materials are used [17] , [18] . At the same time, we cannot a priori characterize these bianisotropic media as nonreciprocal materials until a convincing analysis will show that microscopic properties "permit" time-reversal operations. To the best of our knowledge, we have not made such an analysis until now.
Recently, we have conceptualized a novel class of microwave bianisotropic materials based on a composition of ferrite magnetostatic wave (MSW) resonators with special-form surface metallizations-the magnetostatically controlled bianisotropic materials (MCBMs) [19] . The proposed MCBMs do not become hypothetical materials after recent experimental results have verified the fact that ferrite MSW resonators with special-form surface metallizations exhibit properties of bianisotropic particles [20] , [21] . Practical realization of the MCBMs is possible by the use of the modern planar technology for MSW devices [22] . The well-established technological methods make the MCBMs essentially more attractive in comparison with chiral or -composites and with such hypothetical bianisotropic materials as chiroplasma or chiroferrite media. There is, however, another aspect that arises from the fundamental point of view. The MCBMs are local temporally dispersive bianisotropic media in comparison with helix or -particle composites characterized as media with nonlocal properties [23] , [24] . This fact shows potential applicability of the MCBM samples in different microwave devices, in particular, as three-dimensional insertions in waveguides and cavities.
Because microwave ferrite parameters depend on the biasing magnetic field , constitutive parameters of the MCBMs depend on the biasing field as well. In this case, the term nonreciprocal bianisotropics should be used to denote a medium characterized by constitutive matrix with four constitutive tensors, having the properties that this constitutive matrix is altered by reversing the dc field . It should give us the possibility to analyze nonreciprocal bianisotropic media, similarly to consideration used for gyrotropic media. To consider nonreciprocal bianisotropic composites as artificial materials that are potentially applicable for new microwave nonreciprocal devices, we have to dwell on the following important questions: 1) the main aspects of reciprocity relationships for bianisotropic media, 2) bianisotropic network reciprocity, 3) nonreciprocal bianisotropic microwave circuits, and 4) the Onsager-Casimir principle to ensure "physicality" of nonreciprocal bianisotropic materials. It is the purpose of this paper to analyze these main issues.
II. RECIPROCITY THEOREM FOR BIANISOROPIC MEDIA
For constitutive relations in bianisotropic media written in the form [10] (1) homogeneous Maxwell's equations, assuming field proportionality to exp , are (2) where is Maxwell's operator (3) and is the vector-function of the fields (4) Together with the original electromagnetic problem described by (1) and (2), we consider additionally the electromagnetic problem described by constitutive relations (5) and homogeneous Maxwell's equations (6) where (7) (8)
For two arbitrary vector functions we define the following inner product in volume (9) Based on this definition, we introduce the following integraloperator forms:
Maxwell's operator is called as an operator complementary to the Maxwell's operator when the following relation takes place:
Necessary mathematical manipulations show (the reader can take advantage of the processing used in [10] and [11] ) that (11) is satisfied when 1) homogeneous electromagnetic boundary conditions on the surface surrounding volume are imposed and 2) constitutive parameters in two problems are correlated as (12) where denotes transposition. A medium with parameters , and , which are defined by (12) , is called a complementary medium. Altman and Suchy [12] named such media as the Lorentz-adjoint bianisotropic medium. It was shown in [12] that for the monochromatic electromagnetic field in the lossless bianisotropic medium, the time-reversed constitutive matrix may correspond to the complementary (Lorentz-adjoint) constitutive matrix. Physically, complementary medium can be obtained due to time-reversal processes in the microstructure of a material. It takes place due to the revised external magnetic field . In this case, we have nonreciprocal bianisotropic media with constitutive parameters altered by reversing the dc magnetic field , and therefore, (12) can be written as The microscopic aspects of (13) will be discussed in Section IV. Now, let us consider excitation of the fields in the original and complementary bianisotropic media by the given (external) sources. We introduce two types of these sources ( and ) described by the following two vector-functions: (14) where and are, respectively, the electric and magnetic current densities.
We have (15) and (16) We can obtain the following integral-form relationships:
and (18) For a complementary medium, the left-hand side (lhs) in (17) is equal to the lhs in (18) . Therefore, we have (19) or, taking into account (4), (8) , and (14) (20) Let sources correspond to electric and magnetic elementary dipoles placed in point 1 of the original and complementary media. Similarly, sources correspond to electric and magnetic elementary dipoles placed in point 2 of the original and complementary media (Fig. 1) . We have for homogeneous bianisotropic media (21) In this case, (20) can be written as (22) Here, and are, respectively, electric and magnetic fields in point 2 of the original medium excited by elementary dipoles and placed in point 1 of the original medium; and are, respectively, electric and magnetic fields in point 1 of the complementary medium excited by elementary dipoles and placed in point 2 of the complementary medium (see Fig. 1 ). Analogous relation takes place for point 1 in the original medium and point 2 in the complementary medium. Relation (22) is the reciprocity theorem for elementary electric and magnetic dipoles in bianisotropic media.
Following Krowne [11] and Altman and Suchy [12] , we will call integral quantities in the lhs and the rhs of (19) and (20) reactions. Similar to isotropic and gyrotropic media [6] , [7] , these quadratic forms in bianisotropic media can be interpreted as "physical observables." This question, however, far from being trivial, should be considered more in detail.
Physically, a bianisotropic medium is characterized as the medium with intrinsic (magnetoelectric) coupling between the electric and magnetic fields. When we define the notion of reaction in bianisotropic media, the following question arises: are we able to consider the reaction of a set of electric currents and the reaction of a set of magnetic currents separately from one another, or should the reaction be defined only when both types of currents (electric and magnetic) take place? We will give an answer to this question based on the energy relations in bianisotropic media. We will also analyze some aspects of the physical admissibility to use the monochromatic description of the fields.
The reciprocity theorem considered above is an example of quadratic relations in electrodynamics of bianisotropic media. Energy relations are another important example of quadratic relations. It is clear that these two forms of quadratic relations should not be considered independently. In particular, the correct definition of the reaction in bianisotropic media should be made, taking into account the energy balance equation. The energy relations for bianisotropic media were carefully analyzed in [25] and discussed in [24] . We can see that energetic relations for bianisotropic media cannot be considered just as an extension of the similar relations for anisotropic media. To introduce the notion of the average density of the energy in bianisotropic media, certain constraints to the structure of the quasimonochromatic field have to be imposed. These constraints give certain rules for rebuilding the electric and magnetic field structures when variation of the energy takes place. In this case, the energy balance equation shows that an excitation of the electromagnetic-wave process in bianisotropic media is possible by simultaneous swing (in a certain correlation) of amplitudes of electric and magnetic fields [24] , [25] . It means that variation of the energy should be realized due to both types of sources, and both types of currents-the electric and magnetic currents.
An analysis of the reciprocity theorem made above is based on the use of pure monochromatic fields. In this case, no variation of the average density of energy in bianisotropic media takes place, and therefore, the reaction of a set of electric currents and the reaction of a set of magnetic currents can be considered separately from one another. It is clear, however, that for any arbitrarily small deviation from a pure monochromatic regime, the reactions should be defined only when both types of currents (electric and magnetic) take place.
When the reactions is considered as a "physical observable," the following important question also arises. Can the reaction be introduced for monochromatic fields in lossless media? Common consideration of the reciprocity theorem and requirements of energy conservation is usually used to characterize the Lorentz-adjoint and lossless bianisotropic media. It leads to the fact that (12) is considered together with properties of constitutive tensors in lossless bianisotropic media [10] , [12] . This is incorrect, however, for regions with sources. It is clear that to obtain a monochromatic regime when sources in a medium take place, we have to introduce dissipation losses in a medium (we consider nonradiating samples). So the reaction cannot be introduced as a "physical observable" for monochromatic fields in lossless media.
III. NETWORK RECIPROCITY
Let us now consider some general properties of waveguide junctions containing bianisotropic samples. For this purpose, we will do the following manipulations. For two sets of the fields due to sources and , defined by (15), we have (23) It is not so difficult to show that this relation may be written as (24) where is a surface that restricts the volume is the unit vector along the external normal to the surface and is a part of a volume filled by the bianisotropic medium. We will choose volume as the volume restricted by a joint of several waveguides and cross sections of these waveguides (see Fig. 2 ). We suppose that sources and are placed beyond the volume . Therefore, the rhs of (24) is equal to zero.
Taking into account that a surface integral over metallic walls is equal to zero, we can rewrite (24) as follows: (25) where is the number of a port; and are, respectively, a cross-section of port and the unit normal vector to this cross section; and are antisymmetric parts of tensors and , respectively; and . Besides a trivial case of , the quantity may become equal to zero for some particular cases of the field structure and the geometry of a problem when , and . We suppose that, in a general case, for and . Let in a multiport shown in Fig. 2 all ports, besides ports and , be short-circuited. In this case, the lhs of (25) may be rewritten in terms of normalized voltages applied to ports and and in terms of the admittance matrix [26] . As a result, we have for (25) (26) Normalized voltages , and are arbitrary. Therefore, the nonreciprocal difference for parameters of the admittance matrix is defined by integral . Taking into account correlation between the admittance matrix and the scattering matrix [26] , we can rewrite (26) as follows: (27) where term is a coefficient determined by amplitudes of the fields. Because coefficient is arbitrary, the nonreciprocal dif-ference for parameters of the scattering matrix is defined by integral . Now, the main question arises: when can devices with integral be really characterized as nonreciprocal devices? Let us suppose that we have -circulator constructed as a three-port waveguide junction with a sample of a bianisotropic material enclosed. When in (27) , we can realize a matched nonreciprocal three-port junction [26] , [27] . In a case of ferrite devices, we have an example of the magnetic group of symmetry of a system: "a waveguide junction dc magnetic field" [28] . One of the main principles of the known nonreciprocal devices [7] is that: simultaneous exchange of ports and dc magnetic field direction does not alter the transmission properties. This principle follows from (27) if alters its sign with alteration of dc magnetic field direction. The sign of , in turn, will be changed when tensors , and change their signs for the opposite dc magnetic field direction. It is evident that we satisfy these conditions when (13) take place. Are we able to realize a -circulation without satisfaction to the principle of nonreciprocal devices mentioned above? When an answer to this question is positive, we will have enantiomorphic devices: left-or right-handed -circulators. Can we realize such nonreciprocal devices based on the known models of bianisotropic media (the Tellegen medium, magnetoelectric crystals, chiroferrites, etc.)? In Section IV of the paper, some discussions will be adduced to show that an answer to this question should be negative. The MCBMs give an example of nonreciprocal bianisotropic materials that allow us to realize devices that satisfy the principle of nonreciprocal devices mentioned above. In comparison with the known gyrotropic media, in which the effect of nonreciprocity is due to the time-reversal invariance of microscopic equations of motion in ferrites or plasmas, in the MCBMs, we have the effect of nonreciprocal magnetoelectric coupling between electric and magnetic dipoles in every bianisotropic particle. This, our standpoint, is based on consideration of the microscopic properties of the MCBM particles [24] , [29] .
Based on (27) , we can see that the network reciprocity relation for bianisotropic media with nonreciprocal magnetoelectric coupling is similar to the relation obtained for gyrotropic media [7] (28) and should be considered as the basic relation for further development of new MCBM microwave devices. We can apply a general procedure used for linear symmetric multiports with gyrotropic media to determine the , and matrices of nonreciprocal bianisotropic (MCBM) devices. In particular, for the symmetry (reflection) operator of the device , one can obtain the following relation [28] : (29) IV. DISCUSSION AND CONCLUDING REMARKS Physically, the possibility to introduce the Lorentz-adjoint gyrotropic medium is based on the time-reversal invariance, which is described by the Onsager principle [8] , [9] . Now, the question arises: do microscopic properties of a bianisotropic medium "permit" the time-reversal operations? To ensure "physicality," we have to rely on the generalized principle of kinetic coefficient symmetry for bianisotropic media-the Onsager-Casimir principle. It was shown in [24] and [29] that in a general case, reciprocity relations (13) may not correspond to dynamical constitutive symmetry obtained from the Onsager-Casimir principle. The answer to the question of whether the microscopic properties of a bianisotropic medium "permit" the time-reversal operations should be found from an analysis of the symmetry of the dynamical processes in the MCBM particles under the time-reverse operations. A qualitative analysis made in [29] shows that these particles can be characterized by the so-called charge conjugation, parity, and time reversal (CPT) invariance that gives a distinction between the left-hand and right-hand particles in the bias magnetic field. The MCBMs based on such particles will exhibit properies of nonreciprocal materials.
In gyrotropic media, a measure of gyrotropy is, at the same time, a measure of deviation from the symmetry of constitutive tensors. Nonsymmetrical constitutive tensors are transposed by reversing the dc magnetic field. The nonsymmetry of constitutive tensors is a measure of a nonreciprocity. In our case of the MCBMs, a measure of bianisotropy is, at the same time, a measure of deviation from the symmetry of the constitutive matrix. The nonsymmetrical constitutive matrix is transposed (taking into account a sign) by reversing the dc magnetic field. The nonsymmetry of the constitutive matrix is a measure of nonreciprocity in the MCBMs. In accordance with (25), we can characterize a measure of nonreciprocity for a bianisotropic medium by the matrix parameter . Our analysis of the network reciprocity shows that the MCBM devices should satisfy one of the main principles of the known nonreciprocal devices: the simultaneous exchange of ports and dc magnetic field direction does not alter the transmission properties. In this case, we can apply a general procedure used for linear symmetrical multiports with gyrotropic media to determine the , and matrices of nonreciprocal bianisotropic (MCBM) devices.
Can we realize nonreciprocal microwave devices based on other known models of bianisotropic media (the Tellegen medium, magnetoelectric crystals, chiroferrites)? We boldly say that the answer to this question should be negative. We do not have any theoretical or experimental corroborations to the fact that for the Tellegen medium and for magnetoelectric crystals, the sign of integral in (25) is changed with alteration of dc magnetic field direction. We do not have any corroborations, as well, that microscopic properties of the Tellegen medium and magnetoelectric crystals "permit" the time-reversal operations. For this reason, classification of the MCBM as nonreciprocal materials equivalent to Tellegen media [30] does not have any physical meaning.
Can chiroferrites (chiroplasmas) be considered as nonreciprocal bianisotropic materials? Really, in this case, we have a composite medium based on the gyrotropic host material [17] .
Constitutive parameters of such media should be dependent on the external dc magnetic field [17], [18] . But, the question is still open: how can we consider the time-reversal operation in media with a lack of symmetry (chiral inclusions)? Any physical justifications based on dynamical constitutive symmetry (the Onsager-Casimir principle) are not applicable in this case.
